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Abstract

Introduction

Calcium phosphate ceramics are described as "bioactive". Evidence of biological activity associated with
calcium phosphate implanted in bone and marrow can be
seen as changes in the morphology of the interfaces. In
this in vivo model the sequence of progressive bone
growth and bone merger with a dense calcium phosphate
ceramics were examined by light and transmission electron microscopy. A spectrum of tissue responses to
dense tricalcium phosphate ceramics was observed at
intervals over a six week period. It is now well established that calcium phosphate ceramics permit bone ingrowth with little or no immunological response; however, a layer of fibroblasts in a collagenous matrix had
formed on the ceramic surface within one week. At the
ceramic-bone interface collagen associated with ceramic
particles did not mineralise into bone until the natural
calcification front had advanced up to the ceramic surface. In the marrow a bony coating formed over the
surface of the ceramic implant.

'Bioactive' properties of calcium phosphate ceramics
have been utilised in many dental applications (Roberts
and Brilliant, 1975; Denissen and de Groot, 1979;
Metsger et al., 1982). More recently they have been
used in orthopaedics; one such application is in ceramic
coatings that stimulate bony ingrowth around metal prostheses (Cook et al., 1988; Osborn, 1989). Calcium
phosphate ceramics are 'bioactive' which has been defined as the ability to promote the formation of the normal tissue at its surface and create a contiguous interface
capable of carrying stresses normally occurring at the
site of insertion (Ducheyne and McGuckin, 1990).
Many mechanical studies have investigated the strength
of bonding by bone to ceramics accompanied by histological assessment of bone ingrowth after specific time
intervals (Cook et al., 1988; Ducheyne et al., 1990;
Klein et al., 1991); similarly a few ultrastructural observations of this process and crystal dissolution in vivo
have been made (Jarcho, 1981; Daculsi et al., 1989).
In a previous study (Hann et al., 1991) we analysed the
tissue components at the ceramic interface in cortical
bone four weeks after implantation by histomorphome~
try. Here we examine biological activity by observing
the progressive morphology and ultrastructure of tissue
formed at the surface of dense ceramic implants inserted
in the femora of rabbits. Bone has been seen to merge
with d,ense hydroxyapatite ceramic (Tracy and Doremus,
1984).. Prior to this a complex series of biological activities cause the advance or ingrowth of mineralised
bone up to the ceramic surface. In this study the gap
between the reamed bone surface and the ceramic pin is
small, hence, the bone gap healing mechanisms expected
where a small gap in cortical bone is made ( < 800 µm),
are act ivated (Draenert and Draenert, 1980). Thus an
immatiure osteoid matrix is formed on the reamed bone
surface and gradually mineralised to incorporate the
ceramiic pin. There are no mechanical stresses applied
to the ceramic pins and the heads are press fitted firmly
into th1e cortical bone creating an even space around the
shaft o>f the pin. The integrity of the marrow cavity is
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disrupted by insertion of the shaft of dense calcium
phosphate, so the corresponding activity induced in the
marrow tissue is studied. The sequence of appearance
and spatial distribution of bone precursors, namely cells,
collagen and osteoid, relative to the native tissues and
ceramic implant, has been examined.

Materials and Methods
Preparation of tricalcium phosphate pins

The marrow contained an 'intact bole' where the pin
had passed into the marrow cavity. These undecalcified
sections were postfixed with 1 % osmium tetroxide in
phosphate buffer for 1 hour, dehydrated through an
ethanol series (50% x2, 70% x2, 90% x2, 95% x2 and
100% x3), and then embedded in Spurr's resin. Semithin sections were stained with toluidine blue for light
microscopy. Ultrathin sections were double stained with
saturated uranyl acetate (Watson, 1958) and lead citrate
(Reynolds, 1963) for transmission electron microscopy.

Tricalcium phosphate (TCP), Ca3 (P04)i, powder
obtained from British Drug Houses (Poole, Dorset) was
used to make tricalcium phosphate ceramic discs. The
powder was compressed up to an applied pressure of 80
MN/m2 , in a stainless steel die. After the powder compacts were pushed out, they were first sintered at
800 °C, then pins with a shaft diameter of 2.0 mm and
shaft length of 5. 0 mm were manufactured and sintered
at 1150 °C. X-ray diffraction patterns after sintering
showed a tricalcium phosphate (/j-whitlockite) structure
(Klein et al., 1988). The calcium phosphate ceramic
pins were kindly provided by Dr. C.P.A.T. Klein
(Leiden, The Netherlands).

Time period four and six weeks. Ceramic pins
enclosed in discs of bone and marrow were processed
for light and electron microscopical studies, undecalcified, by fixation in 2.0% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7 .2), before being dehydrated through a graded ethanol series (SO% x2, 70 %
x2, 90 % x2, 95 % x2 and 100 % x3) and impregnated
with a 1:1 absolute ethanol/Spurr's resin mixture for 12
hours. Neat resin was changed every 5 days for a total
of 21 days with intermittent vacuum impregnation at 150
mbar for several hours every day. Whole sections were
blocked and polymerised at 70 °C for 18 hours. Excess
resin was trimmed away and sections 0.5 mm thick were
sliced using a diamond cutter, washed in absolute alcohol and soaked in Spurr's resin for a further 24 hours.
The slices were embedded in fresh resin and polymerised at 70 °C for 18 hours. Ceramic pins were separated from the cortical bone and the marrow ceramic interface. Selected areas were removed for further light and
electron microscopy and the ceramic trimmed leaving
just sufficient ceramic at the interface for these studies.
The blocks were then re-embedded and polymerised
at 70 °C for 18 hours. One µm sections were cut on a.
Reichert Ultracut E ultramicrotome and stained using
methylene blue-azure II-basic fuchsin or de-resined and
stained by Massons' trichrome. Ultrathin sections for
transmission electron microscopy were cut using a diamond knife and viewed unstained or double stained with
saturated uranyl acetate (Watson, 1958) and lead citrate
(Reynolds, 1963).

Rabbit model
Three mature Sandy Lop rabbits of at least 3.5 kg
weight were used in this study. Two boles (or three
holes for the four week study) were made with a hand
drill, using 2.5 mm diameter drill bits, into the lateral
cortex of each femur, washed with sterile saline, then
dense ceramic pins were implanted. The contra-lateral
limbs underwent the same surgical procedure, but these
implants were used in a different study. All rabbits
were weight bearing, and eating and drinking within 24
hours. Rabbits were kept unrestrained in standard size
cages for one week, four weeks or six weeks. After
sacrifice of the rabbits the femora were removed and the
dense ceramic pins surrounded by intact bone and
marrow were cut out.
Processing of

~ue

Time period one week. The cortical bone and
marrow were fixed with the inserted ceramic pin in
1.5% glutaraldehyde with 2.0% paraformaldehyde in
phosphate buffer (pH 7.2) at 4 °C for 24 hours. The
loose ceramic pin was then removed and the marrow
carefully separated from the bone. The bone was decalcified with neutral EDTA (ethylenediaminetetraacetic
acid) at 4 °C and dehydrated in an ethanol series (50%
x2, 70% x2, 90% x2, 95% x2 and 100% x3) at 4 °C,
then infiltrated with paraffin wax over two hours, embedded in paraffin wax and stored at 4 °C. Seven µm
sections stained with Cole's haematoxylin and eosin
(Drury and Wallington, 1980) were used to study the
morphology of the reamed bone.

Results
At one week a collagenous coating had been formed
by fibroblasts over the ceramic surface. In decalcified
haematoxylin and eosin stained sections an area of cell
death in the cortical bone was observed peripheral to the
reamed hole (demonstrated by the presence of empty lacunae and the absence of darkly staining cell nuclei (not
shown)). This area was variable in size but in places the
zone of cell death penetrated the bone to an approximate
depth of 300 µm.
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Figure IA. At four weeks the
advancing mineralised front (m)
forms on the collagenous matrix
(c) and in a few areas bone (B)
can be found adjacent to the
ceramic particles (Cp). The
section is orientated so that the
ceramic particle shown represents the head of the ceramic
pin where there was intimate
bone-ceramic contact immediately after implantation.
Double stained section by TEM.
Bar= 1 µm.

18

Figure lB. In the marrow
cavity a fibrous layer (F) had
formed on the ceramic surface
(Cp) separating the ceramic
from the bone marrow (M) seen
by light microscopy at four
weeks.
Section was stained
with methylene blue azur-II
basic fuchsin. Bar = 50 µm.

lA). In the marrow cavity a fibrous layer coated the ceramic surface (Fig. lB), similar to that observed at one
week; in addition fragments of reamed bone debris were
observed close to the fibroblasts and collagen layer coating the ceramic surface. Six weeks after implantation of
the ceramic, light microscopy showed that more of the
mineralised bone had advanced to the ceramic surface,
although areas of marrow and osteoid were still present.

By four weeks there was evidence of bone remodelling as osteoid could be observed on the surface of the
reamed bone and in places there was contact between the
bone and the ceramic. Most of the bone ceramic interface consisted of a marrow filled space. Transmission
electron microscopy (TEM) showed cells and collagen
adjacent to the ceramic particles that were part of the
ceramic pin; an electron dense fringe was observed
around some ceramic particles. An osteoid seam was
observed, in places, covering the the mineralised bone;
the osteoid was composed of a mineralising collagenous
matrix containing osteoblasts on the verge of being enclosed by the advancing mineral observed by TEM (Fig.

By TEM, the interface was seen to have more ceramic
particles held in place by the collagen fibres and much
of the interface had mineralised from the bone up to the
ceramic particles. Large areas of osteoid were apparent
and, by TEM, collagen was observed, filling much of
115
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Figure 2A. A large area of
collagenous matrix (c) is
observed between the
mineralised front of bone (B)
and the ceramic particles (Cp)
observed by TEM at 6 weeks
(unstained). Bar = 1 µm.

28
Cp

'

Figure 2B.
In the marrow
cavity a bony layer (B) had
formed on areas of the ceramic
surface (Cp, arrows) separating
the ceramic from the bone marrow (M) seen by light microscopy at six weeks. Section was
stained with Massons'
trichrome. Bar = 50 µm.

'

the space previously occupied by marrow . The collagenous matrix contained areas of mineral deposition and a
mineral front appeared to be advancing towards the ceramic implant (Fig. 2A). Six weeks after surgery, bone
had formed on some of the ceramic surface mainly at
the marrow end of the implanted ceramic pin (Fig. 2B).
There had also been extension of the endosteum and
bone along the shaft of the pin and endosteal bridging

mnmcs the normal pattern of osteoid production and
mineralisation to form bone. This is contrary to observations by light microscopy in an adult dog model where
it appeared that mineralisation was supported directly on
an hydroxyapatite coating (Cook et al., 1988). Initial
damage is caused during surgery resulting in the death
of osteocytes peripheral to the reamed cavity. This
region, as well as the space between bone and ceramic,

across to one ceramic pin.

must remodel in the process of repair. The head of the
ceramic pin is press fitted at the endosteal surface. This
tight fit should prevent motion of the shaft of the ceramic pin within the bone and marrow cavity. Micromotion
did not appear to have occurred as there was merger of

Disc~ion

The process of ceramic stimulated hie .ogical activity
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the bone with the ceramic and no implant loosening and
accompanying fibrous tissue layer were seen (Ducheyne
et al., 1984; Griss et al., 1976). One week after surgery fibroblasts had coated the ceramic and synthesised
a collagen rich matrix; a similar early tissue response to
ceramics used for the repair of periodontal osseous defects in beagles has been reported previously (Levin et
al., 1975). Osteoid formation on the bone surface was
observed at four weeks and six weeks. Space filled with
marrow was seen at the four week interval and by six
weeks the amount of bone/ceramic direct contact appeared greater as the quantity of new bone at the interface increased with time. Areas identified as osteoid by
light microscopy were often present between the mineraJised bone and the ceramic surface. However, differentially stained osteoid was always associated with the
mineralising front of the bone surface, never solely with
the ceramic where the ceramic pin passed through the
cortical bone. A cellular and collagenous coating on the
ceramic surface appeared independent of the mineralising front which, observed at the time intervals by
TEM, did not appear to mineralise into bone despite the
presence of an electron dense fringe around some ceramic particles. The fringe was assumed to be due to dissolution of ceramic calcium and phosphate ions (Daculsi
et al., 1989). The osteoid observed between the bone
and ceramic comprised a collagenous non-mineralised
matrix separating the hydroxyapatite of bone and calcium phosphate ceramic particles. We are persuaded by
this invariable observation of a mineralising front
advancing on the preformed collagen matrix that, in
conjunction with calcium phosphate ceramics in vivo,
the mechanism of bone formation mimics the conventional pattern of mineralisation. We do not observe
bone formation on the ceramic surface in advance of the
natural mineralising front, and so believe that the
bioactive stimulus of ceramics is not primarily by
mineral precipitation on the collagen fibres at the
ceramic surface due to calcium phosphate dissolution
from the ceramic. In the marrow cavity bone extended
from the endosteal surface along the shaft of the ceramic
pin. Endosteal bridging was also observed from the
opposite endosteal surface; this phenomenon has been
reported by Eschenroeder et al. (1987). Bone in the
marrow cavity may also be formed by the differentiation
of pre-osteoblasts at the ceramic surface. Osteoblast
precursor cells are known to be present in marrow and
capable of forming bone on calcium phosphate ceramics
(Ohgushi et al. , 1990). Alternatively, osteogenic stimulus may have been derived from fragments of reamed
bone within the marrow.

Conclusions
At the bone-ceramic interface there was formation
of osteoid (by osteoblasts) which progressively mineralised up to the ceramic surface, allowing merger of the
bone with the ceramic. At the marrow-ceramic interface
the formation of the bony covering on the ceramic surface may occur through a combination of three different
mechanisms:
(1) Osteoblast precursor cells may differentiate at
the ceramic surface;
(2) Endosteal extension of the mineral front along
the ceramic surface or by bridging of the endosteum into
the marrow cavity to reach the ceramic;
(3) Osteogenic stimulus from fragments of reamed
bone within the marrow. Hence, the calcium phosphate
ceramics enhance normal bone renewal mechanisms both
at the reamed bone surface and in the marrow cavity.
This process is initiated in the first week after surgery,
and is not complete by six weeks after surgery in this
model.
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